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Abstract 



All existing "positive" results on two neutrino double beta decay 
in different nuclei were analyzed. Using the procedure recommended 
by the Particle Data Group, weighted average values for half- lives 
O ; of 48Ca, 76Ge, ^^Se, ^^Zr, loo^o, woy^o - ^ooru (0+), ^^^Cd, ^^ONd, 

^ ■ ^^'^Nd - ^^'^Sm (0^) and 238]j -^gj-g obtained. Existing geochemical 

data were analyzed and recommended values for half-lives of ^^^Te, 
^^''Te and ^^'^Ba are proposed. We recommend the use of these results 
^ ' as presently the most precise and reliable values for half-lives. 



1 Introduction 

At present, the two neutrino double beta {2i/(3l3) decay process has been de- 
tected in a total of 10 different nuclei. In ^°°Mo and ^^°Nd, this type of decay 
was also detected for the transition to the 0+ excited state of the daughter 
nucleus. For the case of the ^^°Ba nucleus, evidence for the two neutrino 
double electron capture process was observed via a geochemical experiment. 
All of these results were obtained in a few tens of geochemical experiments, 
more then twenty direct (counting) experiments, and in one radiochemical 
experiment. In direct experiments, for some nuclei there are as many as 
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seven independent positive results (e.g., ^^''Mo). In some experiments, the 
statistical error does not always play the primary role in overall half-life un- 
certainties. For example, the NEMO-3 experiment with ^°°Mo detected more 
than 219000 useful events which results in a value for the statistical error 
of ~0.2% . At the same time, the systematic error in many other experiments 
on 2i//3/3 decay generally remains quite high (~ 10 — 30%) and very often 
cannot be determined very reliably. As a result, it is frequently quite difficult 
for the "user" to select the "best" half-life value among all existing results. 
In fact, however, using an averaging procedure, one can produce reliable and 
accurate half-life values for each isotope. 

In the present work, a critical analysis of all "positive" experimental re- 
sults has been performed, and averaged (or recommended) values for all 
isotopes have been obtained. 

The first time that this type of work was done was in 2001, and the results 
were presented at MEDEX'Ol In the present paper, new positive results 
obtained since 2001 have been added and analyzed. 

2 Present experimental data 

Experimental results on 2vj3j3 decay in different nuclei are presented in Table 
1. For direct experiments, the number of useful events and the signal-to- 
background ratio are presented. 

3 Data analysis 

To obtain an average of the available data, a standard weighted least-squares 
procedure, as recommended by the Particle Data Group [HZl , was used. The 
weighted average and the corresponding error were calculated, as follows: 

X ±5x = ^WiXi/^Wi±(^Wi)~^^'^, (1) 

where Wi = l/{6xi)^. Here, Xi and 6xi are, respectively, the value and er- 
ror reported by the i-th experiment, and the summations run over the N 
experiments. 

The following step is to calculate = ~ ^i)^ and compare it with 

N - 1, which is the expectation value of if th^ measurements are from a 
Gaussian distribution. If x^/ {N — 1) is less than or equal to 1, and there are 
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Table 1: Present, "positive" 2z//5/3 decay results. Here, N is the number of 
useful events, S/B is the signal-to-background ratio. *^ After correction (see 
text). **•* For HSD mechanism. 
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Table 1: continued. 
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no known problems with the data, we accept the results. If x^/ is very 
large, we may choose not to use the average at all. Alternatively, we may 
quote the calculated average, while making an educated guess of the error, 
using a conservative estimate designed to take into account known problems 
with the data. Finally, if /{N — 1) is larger than 1 but not greatly so, we 
may still average the data, but can increase the quoted error, 5x in Equation 
1, by a scale factor S defined as 

S=[xV{N-l)Y'\ (2) 

For averages, we add the statistical and systematic errors in quadrature and 
use this combined error as 5xi. In some cases only the results obtained with 
high enough signal-to-background ratio were used. 

3.1. '^^Ca . There are two independent experiments in which 2vj3(3 decay 
of ^^Ca was observed [21 II]. The results are in good agreement, yet the 
associated errors are quite large. The weighted average value is: 

Ty, = 4.2l?-i . io^\ 

3.2. ^^Ge . Let us consider the results of five experiments. First of all, how- 
ever, a few additional comments are necessary: 

1) Recently, the result of the Heidelberg- Moscow group was corrected 
again. Instead of the previously published value T1/2 = [1.55±0.01{stat)1iQ[il{syst)]- 
lO^i y |SH], a new value T1/2 = [1.74 ± 0.01(siai)l{]:J^(s?/st)] ■ lO^i y [10| has 
been presented. It is the latter value that has been used in our present anal- 
ysis. At the same time, using an independent analysis, the Moscow part of 

the Collaboration obtained a value similar to the result of Ref . ^U] , namely 
Ti/2 = [1.78 ± 0.01{stat)tofoisyst)] ■ lO^i y 

2) In Ref. 0, the value T1/2 = 0.92l[5:oI • 10^^ y was presented. However, 
after a more careful analysis, this result has been changed to a value of 
Ti/2 = 1.2to:i ■ 10^"^ y |S^, which was used in our analysis. 

3) The results presented in Ref. [S] do not agree with the more recent 
and more precise experiments IS] • Furthermore, the error presented in 
[S] appears to be too small, especially taking into account the fact that the 
signal-to-background ratio in this experiment is equal to ~ 1/10. It has been 
mentioned before [40j that the half-life value in this work can be ~ 1.5 — 2 
times higher because the thickness of the dead layer in the Ge(Li) detectors 
used can be different for crystals made from enriched Ge, rather than natural 
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Ge. With no uniformity of the external background, this effect can have an 
appreciable influence on the final result. 

Finally, in calculating the average, only the results of experiments with 
signal-to-background ratios greater than 1 were used (i.e., the results of Refs. 
[inilHlE])- The weighted average value is: 

Ti/2 = (1.5±0.1)-102V 

3.3. ^^Se . There are three independent counting experiments and many geo- 
chemical measurements (~ 20). The geochemical data are neither in good 
agreement with each other nor in good agreement with the data from di- 
rect measurements. Formally, the accuracy of geochemical measurements is 
typically on the level of a few percent and sometimes even better. Never- 
theless, the possibility of existing large systematic errors cannot be excluded 
(see discussion in Ref. [H]). It is mentioned in Ref. |12] that if the weak 
interaction constant Gp is time-dependent, then the half-life values obtained 
in geochemical experiments will depend on the age of the samples. Thus, 
to obtain a "present" half-life value for ^^Se, only the results of the direct 
measurements ^1 El E] were used. The result of Ref. jlH] is the preliminary 
result of hence it has not been used in our analysis. It is interesting to 
note that the "lower" error in Ref. jT^j appears to be too small. Indeed, it 
is even smaller than the statistical error, and that is why we use here a more 
realistic value of 15% as an estimation of this error. As a result, the weighted 
average value is: 

Ti/2 = (0.92 ± 0.07) • 10^%. 

3.4. ^^Zr . There are two "positive" geochemical results fOl E] and two 
results from direct NEMO-2 ^3] and NEMO-3 ^Hj experiments. Taking into 
account the comment in section 3.3, we use the values from Refs. |14[ [T3] to 
obtain a "present" weighted half-life value for ^^Zr of: 

Ti/2 = (2.0±0.3)-10^V 

3.5. ^"'^Mo . Formally, there are seven positive results^ from direct experi- 
ments and one recent result from a geochemical experiment. However, we do 
not consider the preliminary result of M. Moe et al. JH] and instead use their 

^We do not consider the result of Ref. |U because a possible high background contri- 
bution to the "effect" was not excluded in this experiment. 
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final result [22], plus we do not use the geochemical result (again, see com- 
ment in section 3.3). Finally, in calculating the average, only the results of 
experiments with signal-to-background ratios greater than 1 were used (i.e., 
the results of Refs. [201 1221 CI)- In addition, here we have used the corrected 
half-life value from Ref. [201 ■ First of all, the original result was decreased 
by 15% because the calculated efficiency (by MC) was overestimated (see 
Ref. [ISl)- Secondly, the half-life value was decreased by 10% taking into 
account that, for the special case of ^°°Mo we have to deal with the Single 
State Dominance (SSD) mechanism (see discussion in PQESl)- The following 
weighted average value for this half-life is obtained: 

Ti/2 = (7.1±0.4)-10iV 

In framework of High State Dominance (HSD) mechanism (see ^3011) the 
following average value can be obtained, T1/2 = (7.6 ± 0.4) • 10^^ y . 

3.6. ^°°Mo - ^°°Ru (0^; 1130.29 keV) . The transition to the 0+ excited state 
of ^°°Ru was detected in three independent experiments. The results are in 
good agreement, and the weighted average value for half-life is: 

Ti/2 = (6.8 ± 1.2) • 10^%. 

3.7. ^^^Cd . There are three independent "positive" results that are in good 
agreement with each other when taking into account the corresponding error 
bars. Again, we use here the corrected result for the half-life value from Ref. 
[SUj . The original half-life value was decreased by 15% (see remark in section 
3.5). The weighted average value is: 

Ti/2 = (3.0±0.2)-10^V 

If the SSD mechanism is realised for the case of ^^^Cd as well, then the 
adjusted half-life value is T1/2 = (2.8 ± 0.2) • 10^^ y. 

3.8. ^^^Te and ^^^Te . There are only geochemical data for these isotopes.^ 
Although the half-life ratio for these isotopes has been obtained with good 
accuracy (~ 3%) [221, absolute values for T1/2 of the individual nuclei are 
different from one experiment to the next. One group of authors [21112010] 
gives Ti/2 ^ 0.8 ■ 10^^ y for ^^oxe and T1/2 ^ 2 • 10^^ y for ^^^Te, whereas 

^Recently, the first indication of a positive result for ^'^"Te in a direct experiment was 
published, T1/2 = [6.1 ± lA{stat)tliisyst)] ■ 10^° y This resuh is in agreement with 
the "lower" geochemical value, but is not very precise or reliable. 
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another group O E21 claims T1/2 (2.5 - 2.7) • lO^^ y and T1/2 ^7.7 ■ 10^^ 
y, respectively. Furthermore, as a rule, experiments with "young" samples 
(~ 100 million years) result in half-life values of ^^'^Te in the range of ~ 
(0.7 — 0.9) • 10^^ y, while for "old" samples (> 1 billion years), half-life values 
in the range of ~ (2.5 — 2.7) • 10^^ y have been produced. It was even assumed 
that the difference in half-life values could be connected with a variation of 
the weak interaction constant Gp with time |12]- 

We will estimate the absolute half-life values for ^^^Te and ^^^Te us- 
ing only very well-known ratios from geochemical measurements and the 
"present" half-life value of ^^Se (see section 3.3). The first ratio is given by 
Ti/2(^3°Te)/ri/2(^28rjg) ^ (3.52 ±0.11) • 10"^ [32 , while the second ratio is 
given by Ti/2{^^°Te) /Ti/2{^^Se) = 9.9 ± 0.6. This latter value is the weighted 
average value from three experiments with minerals containing both elements 
(Te and Se): 7.3 ± 0.9 12.5 ± 0.9 [ISl and 10 ± 2 It is significant 
that the gas retention age problem has no effect on the half-life ratios. Now, 
using the "present" ^^Se half-life value T1/2 = (0.92 ± 0.07) • 10^° y and the 
value 9.9±0.6 for the Ti/2(^^''Te)/Ti/2(^^Se) ratio, one can obtain the half-life 
value for ^^°Te: 

Ti/2 = (0.9 ±0.1) • lO^^y. 

Using Ti/2(^2°Te)/Ti/2(^2^Te) = (3.52 ± 0.11) • 10"^ [22], one can obtain 
the half-life value for ^^^Te: 

ri/2 = (2.5 ± 0.3) • lO^^y. 

3.9. ^^°Nd. The half-life value was measured in three independent ex- 
periments 1221 E]- However, only the latter two results are in good 
agreement. Using Equation 1, and three existing values one can obtain 
Ti/2 = (7.8 ± 0.4) ■ 10^® y. Taking into account the fact that > 1 and 
S = 2.2 (see Equation 2) we finally obtain: 

Ti/2 = (7.8 ± 0.7) ■ lO^^y. 

3.10. ^^°Nd - ^^°Sm {Oj; 740.4 keV) . There is only one positive result 
from a direct (counting) experiment [ 33] : 

Ti/2 = {lAt'oD ■ 10'\ 

3.11. ^^^U . There is only one positive result from a radiochemical exper- 
iment IHSJ: 

Ti/2 = (2.0 ± 0.6) • lO^iy. 
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3.12. ^^°Ba (ECEC). 
experiment pB] : 



There is only one positive result from a geochemical 
Ti/s = (2.2 ± 0.5) • lO^^y. 



4 Conclusion 

In summary, all "positive" 2i//3/3-decay results were analyzed and average 
values for half-lives were calculated. For the cases of i28Te, ^30Te, and ''^Ba, 
so-called "recommended" values have been proposed. We strongly recom- 
mend the use of these values as presently the most precise and reliable. In 
particular, the accurate experimental 2i//5/3-decay rates can be used to adjust 
the most relevant parameter in the framework of the QRPA model, namely 
the strength of the particle-particle interaction (gpp). Once accomplished, 
these values can be used in NME calculations for neutrinoless double beta 
decay 
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